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Abstract: European sugar beet was mostly grown from seeds treated by neonicotinoids which provided
efficient control of some important sugar beet pests (aphids and flea beetles). The EU commission
regulation from 2018 to ultimately restrict the outdoor application of imidacloprid, thiamethoxam,
and clothianidin could significantly affect European sugar beet production. Although alternative
insecticides (spinosad, chlorantraniliprole, neem) are shown to have certain effects on particular pests
when applied as seed treatment, it is not likely that in near future any insecticide will be identified
as a good candidate for neonicotinoids’ substitution. The aim of this research is to evaluate residue
levels (LC-MS/MS method) of imidacloprid and thiamethoxam applied as seed dressing in sugar
beet plants during two growing seasons in fields located in different agro-climatic regions and in
greenhouse trials. In 2015, 25 to 27 days post planting (PP) maximum of 0.028% of imidacloprid and
0.077% of thiamethoxam were recovered from the emerged plants, respectively. In 2016, the recovery
rate from the emerged plants 40 days PP was 0.003% for imidacloprid and 50 days PP was up to
0.022% for thiamethoxam. There were no neonicotinoid residues above the maximum residue level in
roots at the time of harvesting, except in case of samples from thiamethoxam variant collected from
greenhouse trials in 2016 (0.053 mg/kg). The results of this research lead to the conclusion that the
seed treatment of sugar beet leaves minimal trace in plants because of the complete degradation while
different behavior has been observed in the two fields and a glasshouse trial regarding the residues in
soil. Dry conditions, leaching incapacity, or irregular flushing can result in higher concentrations in
soil which can present potential risk for the succeeding crops. The results of our study could provide
additional arguments about possible risk assessment for seed treatment in sugar beet.
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1. Introduction

Sugar beet (Beta vulgaris var. saccharifera L.) is an economically viable crop produced mainly for
white sugar. The world’s leading sugar beet producers (France, Germany and Poland) account for
almost 50% of total world production (111.7 million tons in 2016). However, only 20% of the world’s
sugar comes from sugar beet; 80% is produced from sugar cane [1]. Given the production technology
and the length of the growing season of almost 180 days, sugar beet is considered the most intensive
agricultural crop [2].
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The economically important pests of South East Europe sugar beet include wireworms,
pigmy mangold beetle, sugar beet and corn weevil, black beet weevil, alfalfa snout beetle, several species
of noctuid moths, sugar beet flea beetle, aphids, and beet cyst nematode [3–11]. Their appearance
depends on the region and the year.

Since the introduction of neonicotinoid seed treatment in the 1990s, there has been a strong
decrease in insecticide use in Croatia [12]. Wireworms, aphids, and flea beetles were successfully
controlled by neonicotinoid seed treatments [7,13–15] so additional treatment was only required in the
case of severe infestation of some foliar pests that cannot be successfully controlled with neonicotinoids
(e.g., sugar beet weevil) [16]. In north-western Europe, only aphids require occasional control with
foliar insecticides [17].

Seed treatment is a method that has brought many advantages to modern agriculture [18–24],
although there are some negative effects as well. In heavy infestations the efficacy against wireworms
and sugar beet weevil is weak, so additional protection measures are necessary [7]. It is often applied
at higher rates [24] or when control is not even necessary.

The use of neonicotinoids has become a major controversy because of their negative effects on
bees, other pollinators, and possibly other non-target organisms [25–27]. According to the available
evidence and a risk assessment carried out by EFSA, the use of neonicotinoid pesticides (clothianidin,
imidacloprid, and thiamethoxam) was severely restricted by European Commission (EC) in 2013 by
the implementation of Directive 485/2013 [28]. The restriction applied to bee-friendly crops such as
maize, oilseed rape, and sunflower, with the exception of greenhouse crops and the post-flowering
treatment of certain crops, and to winter cereals. Based on the EFSA peer review of the pesticide risk
assessment carried out for clothianidin [25], imidacloprid [26], and thiamethoxam [27], the Commission
adopted on 30 May 2018, regulations banning completely the outdoor use of imidacloprid, clothianidin,
and thiamethoxam to protect domestic honey bees and wild pollinators [29]. The only risk identified
by EFSA for the treatment of sugar beet seeds with neonicotinoids was the risk of succeeding crop
scenario [25–27].

In the succeeding crop scenario, the residues of neonicotinoids are expected to remain in the
soil and be absorbed by the succeeding crop or weeds in the same field. Thus, if the significant
concentrations of neonicotinoids were to remain in the soil after the growing season, they could be
adsorbed by the succeeding crop (or weeds) from the soil and then the neonicotinoids could be found
in pollen or excreted in guttation fluid.

The Commission has not considered the possibility of proposing further options in addition to the
total ban on the treatment of sugar beet seed with neonicotinoids. This decision could endanger sugar
beet production. The ban was justified by the fact that some ecologically more acceptable substitute
chemicals (diamides) are effective in controlling the most serious pests and that tools to control most
pests are available under integrated pest management (IPM). However, the arguments do not fully
apply to all economically important pests that damage sugar beet production in all production areas in
the EU.

Hauer et al. [17] discussed neonicotinoid seed treatments in European sugar beet cultivation with
regard to their effectiveness against target pests and their impact on the environment. They proposed to
develop monitoring systems and models to identify regions (and years) with a higher risk of occurrence
of pests and to allow the use of insecticide seed treatments only when high pest pressure is likely.
In their analysis, Hauer et al. [17] only looked at sugar beet production in northwestern European
countries and did not consider the different climatic conditions and the occurrence of pests in eastern
and southeastern Europe, where problems in production are mainly caused by flea beetles and sugar
beet weevils. This fact makes their proposal even more important.

The aim of this research was to determine the residue levels of imidacloprid and thiamethoxam
used as a seed treatment in sugar beet plants in different agroclimatic regions in order to estimate
environmental risk and possible transfer to other crops. Greenhouse trials have been established in
order to provide insight to neonicotinoid behavior in controlled conditions.
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2. Materials and Methods

2.1. Field Site and Experimental Design

2.1.1. Field Site

The two-year study was conducted in 2015 and 2016 on three different locations. Field trials
were located in two distinct counties of Croatia, Virovitica-Podravina County in Lukač (45◦52′26” N
17◦25′09” E) and Vukovar-Sirmium County in Tovarnik (45◦09′54” N 19◦09′08” E), while greenhouse
trial was set up in Zagreb at the Faculty of Agriculture, Department of Agricultural Zoology
(45◦82′77′′ N, 16◦03′09′′ E).

2.1.2. Characteristics of the Soil

To determine the physical and chemical soil properties in Lukač and Tovarnik, soil samples were
taken in 2016 according to an internal protocol for annual crops provided by the Department of Plant
Nutrition (University of Zagreb Faculty of Agriculture). At each site, 15 individual soil samples were
taken on the same date from a depth of 0–30 cm, evenly distributed over the entire plot. A homogenized
sample was prepared and 1.000 g were extracted for analysis. Chemical soil properties and texture
analyses were carried out according to standard methods (ISO 11277 2004) in the pedological laboratory
of the Department of Soil Science University of Zagreb Faculty of Agriculture.

2.1.3. Climatic Data

The data on climatic conditions were collected by Croatian Meteorological and Hydrological
Service. The climatic conditions were monitored by the nearest climate stations (Virovitica for Lukač
and Gradište for Tovarnik). The distance between the meteorological stations and the experimental
sites was not more than 20 km. For the period from April to September, data on mean air and soil
temperatures and total precipitation were collected and analyzed for Virovitica and Gradište in both
years under investigation.

2.1.4. Design of Experiments

At each site, sugar beet seed was sown in three treatments, one of which was untreated seed
(0 mg a.i./seed), the second treatment was sugar beet seed treated with imidacloprid (0.91 mg a.i./seed)
and the third treatment was seed treated with thiamethoxam and teflutrin (0.36 + 0.036 mg a.i./seed).
In both years sowing was done in regular spring terms (2015: 9 April—Lukac, 10 April—Zagreb,
11 April—Tovarnik; 2016: 26 March—Tovarnik, 1 April—Lukac, 7 April—Zagreb). In field trials,
each treatment was sown on 1.000 m2 in three repetitions. Each repetition was 123 m long and was
sown with a six-row sowing harrow (i.e., 333 m2) at a depth of 3 cm, the distance between rows was
45 cm and the distance in one row was 18 cm (i.e., 123,321 seeds/ha). In the greenhouse research the
sowing conditions in the arable layer (30 cm) were simulated. The same treatments were sown in plastic
containers of 90 cm × 50 cm × 38 cm (length × width × height) filled with 100 L Klasmann-Deilmann
GmbH Supstrat 1 (EN Standard). The substrate used was a mixture of white peat (H2–H5) and black
peat (H6–H8) with a pH value (H2O) of 5.5–6.5 and 14:10:18 NPK fertilizer. The amount of heavy metal
was significantly below the maximum permissible concentration. The sowing was done by hand at
a depth of 3 cm and the distance between the seeds was 5 cm with an approximate quantity of 45 seeds
per container. A total of six containers were sown per treatment (2 per repetition).

2.2. Sampling

2.2.1. Sampling of Sugar Beet Plants

Starting four weeks after sowing, sugar beet plant samples were collected every two weeks at all
three locations during the two growing seasons (2015 and 2016). In the first four sampling periods,
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whole plants were collected. From the fifth sampling until the end of the experiment, the collected
plants were divided into leaves and roots, which were analyzed separately. The last sampling concerned
only the roots. Three samples were taken for each treatment. A total of 432 sugar beet samples were
collected and analyzed for neonicotinoid residues. Each sample contained five plants with a minimum
weight of 20 g. The collected samples were carefully labeled and transported in portable coolers to an
accredited laboratory for analysis.

2.2.2. Sampling of Soil

In order to determine neonicotinoid residues in the soil, two samples were taken once at each site
from the depth of a plow layer (30 cm). In 2016, 15 sub-samples (each weighing 1.000 g, depending on
field size) were taken, pooled and homogenized at each site, and a subset of the pooled soil samples
(20 g) from each treatment area was taken and stored in a freezer until analyzed.

2.3. Sample Analysis

2.3.1. Neonicotinoid Residues Analysis in Sugar Beet Plants and Soil

The determination of neonicotinoid residues in sugar beet plants and soil was performed
by an accredited laboratory by liquid chromatography/tandem mass spectrometry (LC -MS/MS)
using acetonitrile extraction and the QuEChERS method (EN 15662: 2008). The limit of quantification
(LOQ) for this method is 0.01 mg/kg. The neonicotinoids were extracted from the homogenized sample
with acetonitrile. Neonicotinoids, imidacloprid, thiamethoxam, and clothianidin were determined
using the LC -MS/MS technique applied to the filtered extract with the Agilent Technologies 6460 Triple
Quad LC/MS apparatus. Thiamethoxam is converted to clothianidin in soil and plant tissues,
therefore the thiamethoxam residues were determined as the sum of thiamethoxam and clothianidin [30].

2.3.2. Statistical Analysis

The data on neonicotinoid residues were analyzed by analysis of variance (ANOVA) using the
AOV factorial method with two or three factors [31]. The first factor was location which was considered
as a fixed factor because of a limited production area of sugar beet and characteristic weather conditions.
The second factor was insecticide treatment and the third factor was the plant part. This factor was
analyzed for sampling during the growing season, where leaves and roots were sampled separately.
A Tukey post-hoc test was used to determine which mean values of the variants were significantly
different after a significant test result (p < 0.05).

3. Results

3.1. Climatic and Edaphic Conditions

Our analyses confirmed earlier data published by other authors [32–35] that the average annual
temperatures in Tovarnik (Table 1) are higher than in Lukač. Precipitation varied from place to place
in one of the two years of investigation and confirmed earlier published data [32–35] that when
comparing Lukač (west) and Tovarnik (east), temperatures increased while precipitation decreased in
the eastern part.

In both years the mean air and soil temperatures in the area of Lukač were significantly lower
compared to Tovarnik, and the precipitation was significantly higher in 2015 in the same place, while in
2016 the differences were not significant. Between the years studied (2015 vs. 2016) there were no
significant differences between the climatic conditions at both locations.
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Table 1. Characteristics of the weather conditions prevailing at the two locations where the field
investigations were carried out and the corresponding ANOVA results.

Climatic Factor Location
Year

HSD 2 (p = 5%)
2015 2016

Mean air temperature (◦C)
(April–September)

Lukač 18.65 ± 0.72 b * 18.16 ± 0.59 b ns
Tovarnik 19.85 ± 0.75 a 19.15 ± 0.56 a ns

HSD (p = 5%) 0.338 0.325

Mean soil temperature (◦C)
(April–September)

Lukač 21.1 ± 0.88 b 20.5 ± 0.75 b ns
Tovarnik 22.63 ± 0.97 a 21.47 ± 0.7 a ns

HSD (p = 5%) 0.676 0.517

Total amount of precipitation
(mm) (April–September)

Lukač 600.03 ± 68.02 a 457.80 ± 34.99 ns
Tovarnik 309.72 ± 40.05 b 395.25 ± 30.62 ns

HSD 1 (p = 5%) 236.82 ns

* Values followed by the same lowercase letters are not significantly different (p > 0.05; HSD test), 1, small letters
refer to no differences among locations; 2, small letters refer to no differences among years within same location;
ns, letters refer to no differences.

The edaphic conditions differed between the locations. The soil in Tovarnik has a higher content
of soil organic matter than the soil in Lukač (Table 2). In addition, both soils are classified as silty
clay according to the soil particle size fractions. A detailed description of the regional physical and
chemical soil properties is given in Table 2.

Table 2. Physical and chemical soil properties in Lukač and Tovarnik, 2016.

Particle Size Distribution (%) in mm
Chemical Soil Properties

pH % Al-mg/100 g CaCO3

Fine Sand
0.2–0.063

Coarse Silt
0.063–0.02

Fine Silt
0.02–0.002 Clay < 0.002 Texture

Mark H2O nKCl
Soil

Organic
Matter

N P2O5 K2O %

Lukač 25.50 31.60 24.60 14.00 Silty clay 6.38 5.17 1.54 0.10 12.90 10.20 0.00
Tovarnik 1.90 40.60 31.90 25.00 Silty clay 8.42 7.24 2.70 0.14 29.70 26.50 10.20

3.2. Degradation in Soil

Table 3 shows that there were no residues of neonicotinoids above LOQ in Lukač. Tovarnik showed
concentrations of imidacloprid residues above LOQ and slightly increased thiamethoxam, while higher
residues were found in the greenhouse.

Table 3. Residues of neonicotinoids (mg/kg) in soil samples taken from field sites at the end of the
growing season 2016 (i.e., 180 days’ post planting), Croatia.

Locality Untreated Imidacloprid
(mg/kg)

Thiamethoxam (mg/kg)
(Including Chlothianidin)

Lukač <0.01 <0.01 <0.01
Tovarnik <0.01 0.17 0.04
Zagreb <0.01 5.34 2.65

3.3. Degradation Dynamics in Plants

Figure 1 shows a degradation dynamic of imidacloprid in sugar beet plants.
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Figure 1. Degradation dynamics of imidacloprid during the growing seasons 2015 (a) and 2016 (b)
in sugar beet plants in Lukac, Tovarnik and in greenhouse trials, in compliance with the maximum
permitted residue level of 0.5 mg/kg; LOQ— limit of quantification; MRL—maximum residue level.

The maximum residue level (MRL) for imidacloprid in sugar beet roots is 0.5 mg/kg (EU No
491/2014) [36]. Concentrations of imidacloprid in whole plants collected in field trials (Lukač and
Tovarnik) fell below the MRL of 0.5 mg/kg (EU No. 491/2014) 40–55 days after sowing in both years
under investigation [36] (Figure 1). After that, residues in the leaves of sugar beets grown under field
conditions were almost no longer detectable. Root samples were taken 60 days after sowing, and from
the first sample onwards the residue level in the roots was below the MRL. At the time of harvesting the
roots (180 days after planting), no residues above LOQ were detected. In the greenhouse trial (Zagreb),
degradation was much slower because no regular water rinsing was possible. Residues of imidacloprid
in leaves from greenhouse trials fell below the MRLs ten days later compared to field conditions
(i.e., 60 days after sowing). A slightly faster degradation of imidacloprid residues in roots of sugar
beet grown in greenhouse trials was observed in 2016 compared to 2015. In general, the residue level
of imidacloprid in roots was below the MRL 80 days after sowing. At the time of harvest, the residue
level in roots was quite low, 0.08 mg/kg in 2015 and <0.01 mg/kg in 2016.

The results of the statistical analysis are presented in Tables 4–7. Residue levels were significantly
affected by treatment with imidacloprid at almost all sampling times, except for two final samples
where degradation was completed in both years of the study. Residue levels in plants from treated seeds
were significantly higher compared to those in untreated plants throughout the vegetation until harvest
where degradation was completed. In 2015, residues of imidacloprid were significantly influenced by



Agriculture 2020, 10, 484 7 of 16

location (i.e., agroclimatic conditions) in almost all but two of the last samples taken (Tables 4 and 5).
In 2016, residues were significantly site-dependent (i.e., agroclimatic conditions) in only one sampling
(76–85 days after sowing) when residues were significantly higher under greenhouse conditions in
Zagreb (Tables 6 and 7). The third factor (plant part) was observed in three samples. In 2015, residues of
imidacloprid were significantly affected in two out of three samples (Table 5), while in 2016 residues of
plant parts were not affected at all (Table 7), confirming the good systemic translocation of imidacloprid.

Table 4. Imidacloprid residues in the whole sugar beet plants during the first three observing periods
and for roots at harvesting in 2015.

Source of Variation df

Days after Sowing

Whole Plant Root

25–27 39–41 52–54 158–160

Total 17
Rep 2
Location (A) 2 0.0079 ** 0.0004 ** 0.0048 ** 0.0620
Insecticide application (B) 1 0.0001 ** 0.0001 ** 0.0001 ** 0.0826
A × B 2 0.0901 0.0006 ** 0.0063 ** 0.0620
Error 10

Analysis of variance for imidacloprid residues in the whole sugar beet plants and root. ** significant at p = 0.01.

Table 5. Imidacloprid residues in different plant parts during the vegetation period in 2015.

Source of Variation df
Days after Sowing

66–68 81–83 95–97

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.1882 0.2633
Insecticide application (B) 1 0.0001 ** 0.0087 ** 0.1669
A × B 2 0.0001 ** 0.1882 0.4588
Plant part (C) 1 0.0001 ** 0.0127 * 0.1964
A × C 2 0.0011 ** 0.2117 0.3212
B × C 1 0.0001 ** 0.0127 * 0.1964
A × B × C 2 0.0015 ** 0.2117 0.3212
Error 22

Analysis of variance for imidacloprid residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

Table 6. Imidacloprid residues in the whole plants during the first two observing periods and for roots
at harvesting in 2016.

Source of Variation df

Days after Sowing

Whole Plant Root

50–55 62–70 166–178

Total 17
Rep 2
Location (A) 2 0.1380 0.1822 1.000
Insecticide application (B) 1 0.0001 ** 0.0135 * 1.000
A × B 2 0.1380 0.1822 1.000
Error 10

Analysis of variance for imidacloprid residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.
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Table 7. Imidacloprid residues in the different plant parts during the vegetation period in 2016.

Source of Variation df
Days after Sowing

76–85 92–97 102–110

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.1041 0.1346
Insecticide application (B) 1 0.0001 ** 0.0106 * 0.0087 **
A × B 2 0.0001 ** 0.1041 0.1346
Plant part (C) 1 0.7046 0.1628 0.0517
A × C 2 0.0234 * 0.5097 0.3246
B × C 1 0.7046 0.1628 0.0517
A × B × C 2 0.0234 * 0.5097 0.3246
Error 22

Analysis of variance for imidacloprid residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

The significant interaction between all three factors (location × insecticide treatment × plant part)
for the imidacloprid residue level was present at the first sampling when plant parts were sampled
separately (i.e., 66–68 days after sowing in 2015 and 76–85 days after sowing in 2016). A significant
insecticide “treatment × location” interaction for imidacloprid residues was not observed in the first
and the last two samples in 2015 (Tables 4 and 5), while in 2016 the significant interaction was only
observed when samples were taken 76 to 85 days after sowing (Tables 6 and 7). For all other sampling
data, the significant interaction “insecticide treatment × location” did not exist for imidacloprid
residues. Significant interactions between “location × plant part” and “insecticide application × plant
part” for imidacloprid residues existed only occasionally in both years of the study.

Figure 2 shows a degradation dynamic of thiamethoxam (expressed as sum of thiamethoxam and
clothianidin) in sugar beet plants.

The maximum residue level (MRL) for thiamethoxam and clothianidin has been reduced in Europe
from 0.05 mg/kg to 0.02 mg/kg in 2017 (EU 2017/671) [37]. For sugar beets grown under field conditions,
the residue content of thiamethoxam in the leaves and roots of sugar beets dropped below the MRL
between 70 and 80 days after sowing, depending on the year and location (Figure 2). No residues were
found in sugar beet roots in open field cultivation at the time of harvest.

Similar to imidacloprid, the degradation of thiamethoxam was much slower in greenhouse trials.
The residues of thiamethoxam in sugar beet roots in greenhouse cultivation were above the MRL
(i.e., 0.053 mg/kg) at harvest time in 2015 (Figure 2), while in 2016, 100 days after sowing, the residues
fell below the MRL of 0.02 mg/kg in 2016.

The results of the statistical analysis are presented in Tables 8–11. Residue levels were significantly
affected by thiamethoxam treatment at all sampling dates including the last sampling in 2015,
indicating that degradation at harvest is not complete in all trials. At the time of harvest in 2015,
residues (0.053 mg/kg) were confirmed in beet roots grown in greenhouses (see Figure 2).
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Figure 2. Degradation dynamics of thiamethoxam (expressed as sum of thiamethoxam and clothianidin)
during the growing seasons 2015 (a) and 2016 (b) in sugar beet plants in Lukac, Tovarnik and
in greenhouse trials, in compliance with the maximum permitted residue level of 0.02 mg/kg;
LOQ— limit of quantification; MRL—maximum residue level.

Table 8. Thiamethoxam (including chlothianidin) residues in the whole plants during the first three
observing periods and for roots at harvesting in 2015.

Source of Variation df

Days after Sowing

Whole Plant Root

25–27 39–41 52–54 158–160

Total 17
Rep 2
Location (A) 2 0.1246 0.0025 ** 0.0001 ** 0.0003 **
Insecticide application
(B) 1 0.0001 ** 0.0001 ** 0.0001 ** 0.0011 **

A × B 2 0.0452 * 0.0025 ** 0.0001 ** 0.0003 **
Error 10

Analysis of variance for thiamethoxam residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.
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Table 9. Thiamethoxam (including chlothianidin) residues in different plant parts during the vegetation
period in 2015.

Source of Variation df
Days after Sowing

66–68 81–83 95–97

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.0001 ** 0.0001 **
Insecticide application (B) 1 0.0001 ** 0.0001 ** 0.0001 **
A × B 2 0.0001 ** 0.0001 ** 0.0001 **
Plant part (C) 1 0.0049 ** 0.0262 * 0.0263 *
A × C 2 0.0006 ** 0.0002 ** 0.0103 *
B × C 1 0.0062 ** 0.0262 * 0.0263 *
A × B × C 2 0.0006 ** 0.0002 ** 0.0103 *
Error 22

Analysis of variance for thiamethoxam residues in different plant parts * significant at p = 0.05, ** significant at p = 0.01.

Table 10. Thiamethoxam (including chlothianidin) residues in the whole plants during the first three
observing periods and for roots at harvesting in 2016.

Source of Variation df

Days after Sowing

Whole Plant Root

50–55 62–70 166–178

Total 17
Rep 2
Location (A) 2 0.1380 0.1822 1.0000
Insecticide application (B) 1 0.0001 ** 0.0135 * 1.0000
A × B 2 0.1380 0.1822 1.0000
Error 10

Analysis of variance for thiamethoxam residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.

Table 11. Thiamethoxam (including chlothianidin) residues in the different plant parts during the
vegetation period in 2016.

Source of Variation df
Days after Sowing

76–85 92–97 102–110

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.0255 * 0.1346
Insecticide application (B) 1 0.0001 ** 0.0007 ** 0.0087 **
A × B 2 0.0001 ** 0.0255 * 0.1346
Plant part (C) 1 0.7046 0.0672 0.0517
A × C 2 0.0234 * 0.1438 0.3246
B × C 1 0.7046 0.0672 0.0517
A × B × C 2 0.0234 * 0.1438 0.3246
Error 22

Analysis of variance for thiamethoxam residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

In 2016, residue levels were significantly affected by thiamethoxam treatment on all but the last
sampling dates, indicating that degradation at harvest was complete under all conditions studied,
including greenhouse trials. In 2015, residues of thiamethoxam were significantly influenced by
location (i.e., agroclimatic conditions) at almost all sampling dates except the first sampling (Table 8).
In 2016, residues were significantly influenced by the location (Tables 10 and 11) on only two samples
(76–85 and 92–97 days after sowing), when residues were significantly higher under greenhouse
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conditions in Zagreb (Figure 2). The third factor (plant part) was observed in three samples. In 2015
the residues of thiacloprid were significantly influenced by plant parts in three samples (Table 9),
whereas in 2016 the residues were not influenced by plant parts at all (Table 11). A significant insecticide
“treatment × location” interaction for thiamethoxam residues was observed in 2015 in all samples
(Tables 8 and 9), while in 2016 the significant interaction was observed in only two samples taken after
76–85 days and 92–97 days after sowing (Table 11). Significant interactions between “location × plant
part” and “insecticide application × plant part” for thiacloprid residues were complete in 2015. In 2016,
these interactions only existed on a single sampling date for the “location × plant part” interaction.
The significant interaction between all three factors (location × insecticide treatment × plant part)
for thiacloprid residue level existed in 2015 for all three samples and in 2016 for only one sample when
plant parts were sampled separately (i.e., 76–85 days after sowing in 2016).

4. Discussion

When the neonicotinoids were introduced to the market, they were considered safe to use
because they are stable in soil and have low toxicity to mammals [38]. However, recent studies
have shown that neonicotinoids have adverse effects on bees, other pollinators, and possibly other
non-target organisms [25–27]. A complete EU Commission Regulation ban on the outdoor use of
imidacloprid, thiamethoxam, and clothianidin could have a significant impact on the practice of
sugar beet production in Europe, as 100% of all commercial sugar beet seeds have been treated with
neonicotinoids. According to Ester et al. and Lanka et al. [39,40] spinosad and chlorantraniliprole
applied as seed treatment were ineffective at controlling flea beetles and cabbage aphid [39] as well
as adult stages of rice water weevil [40]. It is unlikely that they will become a good substitute of
neonicotinoid seed treatment. Hauer et al. [17] have pointed out the lack of effective alternatives for the
control of M. persicae on sugar beet in Central and North Europe. Moreover, Bažok et al. [16] achieved
the same conclusions for substituting control of sugar beet flea beetle in South and Eastern Europe.
Therefore, the problems related to the control of the above mentioned pests could become a serious
problem in the future if no alternatives are developed.

In our study, at the end of sugar beet cultivation (180 days after planting), imidacloprid residues at
a concentration of 0.17 mg/kg and thiamethoxam residues at a concentration of 0.04 mg/kg were found
in the soil of Tovarnik, while in Lukač all residues were below LOQ levels (Table 4). Such a result is
partially consistent with that of [41] who randomly sampled 74 soils after the cultivation of maize,
wheat, and barley grown from treated seeds. Imidacloprid was found in all samples, so the authors
concluded that imidacloprid is always present in the soils after cultivation and is easily detectable if
sampling is carried out in the year of treatment.

Alford and Krupke [42] concluded that high water solubility of neonicotinoid seed treatment
applications makes it unlikely that they will remain near the relatively confined rhizosphere of the target
plant long enough to be absorbed by the plant when not on the seed. The loss of neonicotinoids from
agricultural soils is thought to occur through degradation or leaching in soil water [43]. EFSA’s risk
assessment [25–27] did not take into account the results of [42] on the low probability of residues
of neonicotinoids remaining in soil for a longer period of time. Their findings, together with those
of [44] on the recycling of neonicotinoid insecticides from contaminated groundwater back to crops,
point to the possible risk scenario of irrigation, which will be further investigated. In our laboratory
study, the sugar beet plants were sown at five times higher density than in the field, which means that
the concentration of neonicotinoids is also significantly higher (40.95 mg imidacloprid and 32.76 +

1.62 mg thiamethoxam + teflutrin per container 100 l soil). Soil from greenhouse trials treated with
imidacloprid contained the average value of 5.34 mg/kg a.i., while the thiamethoxam-treated variant
of the sample form contained 2.65 mg/kg a.i. (Table 4). This is much higher if we consider that in
open field the application rate as seed coating is 112.2 g imidacloprid or 44.4 + 4.44 g thiamethoxam +

tefluthrin to one ha, while one ha contains on average three million liters of soil (calculation of the
average soil layer of 30 cm). This is the average concentration of 0.04 mg/kg a.i. imidacloprid or



Agriculture 2020, 10, 484 12 of 16

0.015 + 0.0015 mg/kg thiamethoxam + tefluthrin. Our result confirms that high concentrations of
neonicotinoids in soil are to be expected in case of dry conditions, leaching incapacity, or irregular
flushing (bottom of the container) into ground water meaning that they can present potential risk for
the succeeding crops. Concerning field trials, there is no systematic monitoring of the presence of
pesticides in water in Croatia and no data on concentrations of neonicotinoids in the area of our study
are available.

Studies on the degradation of neonicotinoids in soil depend on temperature, moisture, and soil
type, in particular on texture and organic matter content, pH and UV radiation [41]. According to
Bonmatin [41], persistence is highest under cool, dry conditions and in soils with high organic matter
content. On average, Lukač has more precipitation (more humid soil), lower soil and air temperatures,
while Tovarnik is drier with low precipitation and slightly higher air and soil temperatures (Table 2).
Table 3 shows that in our investigations the pH of the soil at both locations was between 5 and 7,
which means that the soils are slightly acidic to neutral and do not allow degradation in the moist
soil or water. Guzsvány et al. [45] found that imidacloprid and thiamethoxam degrade faster at
23 ◦C in alkaline media, while they remain relatively stable at pH 7 and 4. Regarding residues of
neonicotinoids in soil after the vegetation period, Table 3 shows that all residues were lower than LOQ
in Lukač while in Tovarnik 0.17 mg/kg imidacloprid and 0.04 mg/kg thiamethoxam were detected.
Such results can be explained by the dry conditions, low precipitation, and slightly higher air and
soil temperatures prevailing in Tovarnik. The soils of Tovarnik also contain a large amount of soil
organic matter as well as available phosphorus and potassium (Table 3), which prevents the leaching of
residues and allows higher sorption in soils with high organic matter content, which is also in line with
the results of [46]. Even though the results of the residues in soil are not statistically assessed, we may
conclude that the faster reduction of residues in Lukač is most likely due to higher precipitation which
is confirmed with the analyses of the residues in plants. The presence of a significant “treatment ×
location” (i.e., agroclimatic conditions) interaction for thiamethoxam in 2015 (when locations differ
in temperature and precipitation) and the absence of a significant interaction for the same factors in
2016 (when locations differ only in temperature) implies that precipitation is an important factor in
thiamethoxam leaching. The same logic could not be followed for the degradation of imidacloprid
because there was a significant “treatment × location” (i.e., agroclimatic conditions) interaction for
imidacloprid residues only in three out of seven samples in 2015 and in one out of six samples in 2016.

According to Bonmatin et al. [41], the half-life of imidacloprid for seed treatment in France was
about 270 days, while [47] reported 83 to 124 days under field conditions and 174 days on bare soil.
Under field conditions, thiamethoxam showed a moderate to fast degradation rate [48]. The calculated
half-life in soil was between 7 and 335 days for thiamethoxam [49].

Uptake by the roots ranged from 1.6 to 20% for imidacloprid in aubergines and maize [50].
Krupke et al. [50] pointed out that the uptake of clothianidin by maize plants was relatively low and
that plant-bound clothianidin concentrations followed an exponential decay pattern with initially high
values, followed by a rapid decrease within the first ~20 days after planting. A maximum of 1.34% of
the initial seed treatment rate (calculated as mg a.i./kg of seed) was successfully obtained from plant
tissues (calculated as mg a.i./kg of plant tissue) and a maximum of 0.26% from root samples. Our study
showed that 25 days to 27 days after planting in 2015, a maximum of 0.028% imidacloprid and 0.077%
thiamethoxam was obtained from the raised plants (Figures 1 and 2). In 2016, the recovery rate from
the raised plants 40 days after planting was 0.003% for imidacloprid and 50 days after planting up
to 0.022% for thiamethoxam. These data confirm that the degradation scenario of imidacloprid and
thiamethoxam in sugar beet crops is similar to the scenario established for clothianidin by [50].

Westwood et al. [51] found that the concentration of imidacloprid in the leaves of sugar beet
grown from treated seed was 15.2 mg/kg 21 days after planting and degradation to 0.5 mg/kg 97 days
after planting (25-leaf stage). Bažok et al. [52] found twice as high a concentration of 0.95 mg/kg
imidacloprid in sugar beet leaves 42 days after planting using the HPLC method. Compared to HPLC,
the LC -MS/MS method has a lower limit of determination (LOQ) and offers the possibility of a clear
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identification of the analyte [53]. Therefore, our results show more precise results confirming that there
are no residues of neonicotinoids in the roots of sugar beet during harvest time. Nevertheless, the risk
is not negligible in dry climates or after a dry period since results showed higher soil concentrations of
imidacloprid than expected in Tovarnik. Results have shown [47] that field trials in Europe and the
United States on the degradation of imidacloprid show that it does not accumulate in soil after repeated
annual applications. Although sugar beet in Croatia is grown in crop rotation where neonicotinoids are
already prohibited (maize, oilseed rape, wheat, etc.,), there should be a limited risk of bioaccumulation
and transfer to other crops but the risk for succeeding crops needs to be further assessed.

Neonicotinoid seed treatment of sugar beet is still allowed in many other regions of the world
(except the EU). Increase in the wide use of insecticides, in particular pyrethroid insecticides,
against aphids and flea beetles (depending on the growing area) is expected in areas where
neonicotinoids are banned. The status of neonicotinoids for sugar beet seed treatment will possibly be
further investigated by various regulatory authorities around the world.

5. Conclusions

The residue levels of imidacloprid and thiamethoxam used for seed treatment of sugar beet plants
were below the maximum permitted residue level at the time of harvest and were highly dependent on
weather conditions, in particular rainfall. The results of this research show that the seed treatment of
sugar beet leaves minimal trace in plants because of the complete degradation by the end of the growing
season while higher residue concentration in the soil shows that there is risk in dry climates or after
a dry period. The results of our study provide additional arguments for a possible risk assessment for
sugar beet seed treatment in the succeeding crop and irrigation scenarios and provide further guidance
for the assessment and/or reassessment of the use of neonicotinoids in sugar beet production. However,
further investigation is needed to assess the possible neonicotinoids uptake by succeeding crops.
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